We proposed a portable and ultra-small axial flow hydraulic turbine that can generate electric power comparatively easily using the low head of open channels such as existing pipe conduits or small rivers. In addition, we proposed a simple design method for axial flow runners in combination with the conventional one-dimensional design method and the design method of axial flow velocity uniformization, with the support of three-dimensional flow analysis. Applying our design method to the runner of an ultra-small axial flow hydraulic turbine, the performance and internal flow of the designed runner were investigated using CFD analysis and experiment (performance test and PIV measurement). As a result, the runners designed with our design method were significantly improved in turbine efficiency compared to the original runner. Specifically, in the experiment, a new design of the runner achieved a turbine efficiency of 0.768. This reason was that the axial component of absolute velocity of the new design of the runner was relatively uniform at the runner outlet in comparison with that of the original runner, and as a result, the negative rotational flow was improved. Thus, the validity of our design method has been verified.
Introduction
Conventionally, hydropower generation has been used in large-scale facilities to generate electric power efficiently by utilizing high or medium hydraulic head. However, the number of locations where enough head is available is decreasing. In addition, installation of large-scale facilities requires largescale civil engineering projects, which have a significant impact on the environment. Therefore, it is thought that small hydraulic turbines show promise in generating power in situations of low available head; such turbines would use water in open channels such as existing pipe conduits or small rivers [1] [2] [3] [4] . It is also expected that because axial flow hydraulic turbines are particularly suited for low head applications, they will be widely implemented if they are decreased in size and made portable [5] [6] [7] [8] . However, small axial flow hydraulic turbines have extremely low Reynolds numbers (approximately 1 × 10 5 ); thus, very few airfoils are applicable. Furthermore, design methods are not well established.
Incidentally, in hydraulic turbines, the design of the Francis hydraulic turbine has been optimized in recent years using a design of experiments and an optimization algorithm [9] [10] [11] . However, a large amount of sample data needs to be acquired and obtaining the most feasible solution is time consuming; thus, the computational load increases. Therefore, it is important to establish a simple design method for designing reliable and highly efficient axial flow runners from the null state without sample data.
In light of this background, in this study, we propose a portable and ultra-small axial flow hydraulic turbine that can generate electric power using the low head of open channels such as existing pipe conduits or small rivers. The runners and guide vanes of this hydraulic turbine are designed using a conventional one-dimensional design method [12, 13] , and their performance and internal flows are investigated 2 International Journal of Rotating Machinery by numerical analysis. In addition, we propose a simple design method for axial flow runners in combination with the conventional one-dimensional design method and the design method of axial flow velocity uniformization, with the support of three-dimensional flow analysis. This design method can decide the unique form of the runner on the basis of the quantitative data of the velocity distributions at the runner inlet and outlet using three-dimensional flow analysis. Therefore, we believe that our method can provide reliable and highly efficient performance for a runner in comparison with the method wherein designers empirically repeat the changes of shapes by examining the analytical results from complicated three-dimensional internal flows. Applying our design method to the runner of an ultra-small axial flow hydraulic turbine, the performance and internal flow of the designed runner are investigated using numerical analysis. In addition, as verification, we conducted an experiment using an actual device and verified the validity of this design method.
Simple Design Method for Axial Flow Runners
In this study, we propose a simple design method for axial flow runners, focusing on axial flow velocity uniformization. This design method is a combination of the conventional onedimensional design method [12, 13] and the design method of axial flow velocity uniformization, with the support of a three-dimensional flow analysis. The design flowchart is shown in Figure 1 . First, a runner is designed on the basis of the conventional one-dimensional design method. Velocity distributions at the inlet and outlet of the runner are examined on the basis of the three-dimensional flow analysis. Next, the axial flow velocity uniformization is performed, and the blade angle and chord length of the runner are modified. The performance of the runner is verified using three-dimensional flow analysis. If it does not achieve the target performance, the axial flow velocity uniformization is performed again. Through iterations of this procedure, the design process is complete when the performance achieves its target. We have assumed that this design method is effective in cases wherein factors such as a low Reynolds number or characteristic data of the airfoil are unclear and the assumed flow by the one-dimensional design method strongly deviates from the actual three-dimensional flow. The following are the details of the conventional design method [12, 13] and the design method of axial flow velocity uniformization.
One-Dimensional Design Method.
The specific speed is calculated using the following design parameters: effective head , turbine output , and rotational speed .
Using the specific speed, , obtained from (1) and a design diagram [12] , the circumferential velocity coefficient , hub ratio ], and the axial velocity coefficient are calculated. In addition, the circumferential velocity of a tip, the outer diameter of a runner, and the hub diameter ℎ are obtained with the following formulae:
Furthermore, the axial component V of the absolute velocity and the flow rate are obtained with the following formulae:
Next, dividing the blade into several parts from hub to tip, vortex design is determined. Referencing specific speed , the number of blades is determined, and then the pitch at each radial point is calculated by the following expression:
The velocity triangle of this runner is illustrated in Figure 2 [13] . At each radial point , the airfoil and attack angle are selected. By estimating hydraulic efficiency ℎ , chord length and mean relative flow angle between the runner inlet and outlet are calculated using the following expression [13] :
International Journal of Rotating Machinery In this study, the blade is divided into four parts from hub to tip, and the calculation is performed at five radial points. This vortex design type is a free vortex. At each radial point , the airfoil selects MEL031 [14] in which characteristic data exist for low Reynolds numbers. The attack angle is = 2 ∘ . However, considering that the Reynolds number based on chord length and relative velocity is as low as approximately 1 × 10 5 , hydraulic efficiency is estimated to be ℎ = 0.7 ( = 0.659).
In addition, the blade angle is obtained from the following formula:
Finally, taking into account the leakage loss, the blade tip clearance is determined.
The one-dimensional design method for the guide vane is also shown below. The outer diameter of the guide vane is the size of the outer diameter of the runner plus the blade tip clearance, and the hub diameter is the same as that of the runner. Dividing the blade into several parts from hub to tip, vortex design is determined. Referencing specific speed , the number of blades of the guide vane is determined, and then the pitch of the guide vane at each radial point is calculated by the following expression:
At each radial point , the airfoil and attack angle of the guide vane are selected. It is assumed that prerotation at a guide vane inlet is zero (V 3 = 0) and that V 4 = V 1 at a guide vane outlet. Mean absolute flow angle between the guide vane inlet and outlet and blade angle are calculated using the following expression [15] :
where V is the axial component of the mean absolute velocity between the guide vane inlet and outlet.
In addition, the chord length of the guide vane is obtained from the following formula [15] :
In this study, the blade of the guide vane is divided into four parts from hub to tip, and the calculation is performed at five radial points. This vortex design type is a free vortex. At each radial point , the airfoil selects MEL031 [14] , and the attack angle is = 8 ∘ .
Design Method of Axial Flow Velocity Uniformization.
By performing a three-dimensional flow analysis for the runner designed with the one-dimensional design method shown in Section 2.1, the distributions of the axial component of the absolute velocity at the runner inlet and outlet are calculated. Using these velocity distributions, axial flow velocity uniformization is performed. Specifically, the axial components V of the mean absolute velocities between the runner inlet and outlet are calculated on the basis of the values analyzed at each radial point . Then after the axial flow velocity uniformization is performed, the axial components V of the mean absolute velocities between the runner inlet and outlet are obtained from the following expression:
Here, V is the axial component of the mean absolute velocity between the runner inlet and outlet based on the design values using the one-dimensional design method. Accordingly, after performing the axial flow velocity uniformization, the chord length and the blade angle are obtained from formulae (11).
Here, is the mean relative velocity between the runner inlet and outlet based on the design values using the onedimensional design method.
In addition, is the mean relative flow angle between the runner inlet and outlet based on the design values using the one-dimensional design method.
As shown above, the chord length and the blade angle at each radial point are modified, and then the three-dimensional flow analysis of the modified runner is performed. The verification of performance and the axial flow velocity uniformization are iterated until the target performance is obtained. In this study, the target performance for the turbine efficiency is = 0.75. 
Test Hydraulic Turbine
An overview of the ultra-small axial flow hydraulic turbine proposed in this study is shown in Figure 3 . This hydraulic turbine is easily portable. The targets are set as follows: effective head = 1.5 m, turbine output = 100 W at a rotational speed of = 2460 min −1 , and a turbine efficiency of = 0.75, so that it is possible to obtain a practical turbine output when the turbine is implemented at low head values. The specific speed shown in formula (1) Table 1 . Here the original runner is designed using only the conventional onedimensional design method shown in Section 2.1. The outer diameter of the runner is = 68.1 mm, the hub diameter is ℎ = 30.2 mm, the number of blades is = 4, and the blade tip clearance is 0.5 mm. In addition, MEL031 [11] is selected for an airfoil at any radial point, and the attack angle is = 2 ∘ .
The design flow rate is Q = 0.0078 m 3 /s. Case 1 runner, Case 2 runner, and Case 3 runner were all designed using the design method proposed in this study and were created after the axial flow velocity uniformization was performed once, twice, and three times, respectively.
An overview of the sample guide vane is shown in Figure 5 , and the dimensions are shown in Table 2 . The guide vane is designed using the conventional one-dimensional design method shown in Section 2.1. The outer diameter is = 69.1 mm, the hub diameter is ℎ = 30.2 mm, and the number of blades is = 5. In addition, MEL031 [14] is selected for an airfoil at any radial point, and the attack angle is = 8 ∘ . 
Numerical Analysis Methods and Conditions
The computational model is shown in Figure 6 . As shown in Figure 3 , a bent pipe was installed in the upper flow of the guide vane in the case of a real hydraulic turbine. However, to simplify the analytical model and remove the influence of the bent pipe, we used a computational model comprising only a direct pipe when we applied our design method. We believe that the tendency of the qualitative performance of this hydraulic turbine does not change depending on the presence of the bent pipe. We used the general-purpose thermal fluid analysis code ANSYS CFX15.0 for the numerical analyses and conducted three-dimensional steady flow analyses. The governing equations are the conservation of mass equation [16] and the conservation of momentum equation [16] . The SST (Shear Stress Transport) model [16] was adopted as the turbulence model. Water was used for the working fluid. For boundary conditions, the mass flow rate 7.793 kg/s (Q = 0.0078 m 3 /s) was applied to the inlet boundary, static pressure (gauge pressure) 0 Pa was applied to the outlet boundary, and arbitrary rotational speed was applied to the runner International Journal of Rotating Machinery region. Nonslip conditions were applied to all the walls. Moreover, the boundaries between the rotating and static systems were joined using the frozen rotor [17] . For example, the computational grids of the original runner and the guide vane are shown in Figures 7(a) and 7(b) . The computational grid of each runner was a tetrahedron, and the face size of the blade surface was 0.4 mm. There were five prism layers of the blade surface, and the size of the first layer was 0.03 mm. The numbers of computational elements for original runner, Case 1 runner, Case 2 runner, and Case 3 runner, were approximately 2,070,000, 2,130,000, 2,600,000, and 2,810,000 elements, respectively. The computational grid of the guide vane was a tetrahedron, and the face size of the blade surface was 0.6 mm. There were five prism layers of the blade surface, and the size of the first layer was 0.03 mm. The number of computational elements for the guide vane was approximately 1,280,000. The total numbers of computational elements for original runner, Case 1 runner, Case 2 runner, and Case 3 runner, were approximately 5,060,000, 5,110,000, 5,580,000, and 5,800,000 elements, respectively. To study the grid dependence, we performed an analysis after increasing the computational elements for the original runner and guide vane to approximately 3,170,000 and 1,990,000, respectively; then, we performed an analysis after increasing the computational elements to approximately 4,250,000 and 2,550,000, respectively. Consequently, it was confirmed that the effect of the number of computational elements in the grids was relatively low even though the effective head and turbine output changed by approximately +3.0% and −0.9%, respectively, in the former analysis and by approximately +2.6% and −1.2%, respectively, in the latter analysis. Moreover, we performed an unsteady flow analysis for the original runner using the transient rotor-stator [17] . As a result, it was confirmed that the difference between the steady and unsteady flow analyses was relatively small even though the effective head and turbine output changed by approximately +2.5% and +3.3%, respectively, compared with the results presented in the paper. Figures 8(a)-8(c) . In the figures, the design value of the turbine output (75.5 W) is also illustrated. For the original runner, the maximum value of turbine efficiency, , is 0.662 at the design rotational speed = 2460 and is almost equal to the design value (0.659). However, the turbine output and the effective head are significantly larger than their design values. By contrast, for Cases 1-3 runners designed using our design method, the turbine output, L, decreases in all the rotational speed regions more than that of the original runner. However, at the same time, the effective head, H, decreases. Therefore, the turbine efficiency, , of Cases 1-3 runners, except at = 3690, have all significantly improved when compared to that of the original runner. It is noted that, in particular, Case 2 runner achieves a turbine efficiency of = 0.752 at = 2460, which surpasses the design value. However, value of Case 3 runner is slightly lower than that of Case 2 runner. This appears to be because the hydraulic efficiency ℎ that was assumed in the design of the axial flow velocity uniformization is different from actual values.
Analysis Results and Discussion

Comparison of Turbine Performance. The turbine performance of each runner obtained by numerical analysis is depicted in
Comparison of Internal Flow.
The axial component V 1 and the circumferential component V 1 of the absolute velocity at the runner inlet at each radial point of each runner are illustrated in Figures 9(a) and 9(b) . Here, V 1 and V 1 are the circumferential average values of the axial component and the circumferential component, respectively, at the 1 mm upper point of the stream from the blade. Rotational speed is = 2460. The value = 0 represents the hub, and = 1 represents the tip. The value V 1 of each runner decreases significantly on the hub side. This phenomenon can be explained by the Reynolds number decreasing on the hub side, a boundary layer developing on the hub surface when flow passes through a guide vane, and other related effects. Therefore, V 1 is slightly larger than the design value from the mid-point to the tip-point, but it is close to the design value as a whole. In particular, Cases 1-3 runners, unlike the original runner, decrease nonuniformity and have a similar distribution of design values. The value V 1 is in relatively good agreement with the design value although, for each runner, the value decreases on the hub side. In particular, in Cases 1-3 runners, the diminution of V 1 near the hub is smaller compared to the original runner, and thus the distribution gets closer to that of the design. Based on the discussion in the preceding text, the design of the guide vane is appropriate to some extent.
The axial component V 2 and the circumferential component V 2 of the absolute velocity at the runner outlet at each radial point of each runner are illustrated in Figures  10(a) and 10(b) . Here, V 2 and V 2 are the circumferential average values of the axial component and the circumferential component, respectively, at the 1 mm lower point of the stream from the blade. Rotational speed is = 2460. The value = 0 represents the hub, and = 1 represents the tip. In the case of the original runner, V 2 is smaller on the hub side and becomes larger toward the tip. In addition, V 2 has negative values except for the values on the tip side, thereby indicating a negative rotation, that is, in the direction opposite to the direction of flow into the runner. Causes of this might be that the Reynolds number of this runner is low, which becomes even lower for locations closer to the hub, or that an axial flow velocity at the runner inlet was not uniform previously or that the boundary layer develops on the hub surface, among other reasons. This negative rotation flow appears to increase the effective head and the turbine output. In contrast, Cases 1-3 runners designed with our design method have a value of V 2 that, in comparison to that of the original runner, is uniform and close to the design value; they also have a value of V 2 that is also close to the design value. Case 2 runner is particularly noteworthy. As shown in Figures  11(a) and 11(b) , if the absolute velocity vectors are compared between the original runner and Case 2 runner, the reverse flow is created at the runner outlet of the original runner but is eliminated in Case 2 runner. Accordingly, it is apparent that the turbine efficiency of Case 2 runner is significantly improved compared to the original runner.
Verification by Experiment
Experimental Apparatus and Methods.
To verify the high performance of the hydraulic turbine described in Section 5, an actual device was used for a verification test. An overview of the experimental apparatus is shown in Figure 12 . Actual devices of the runners are shown in Figures 13(a) and 13(b) , and an actual device of the guide vane is shown in Figure 14 . Water was used for the working fluid, and the experiment was conducted with a constant flow rate = 0.0078 m 3 /s. The flow rate was measured using an electromagnetic flow meter (TOSHIBA CORPORATION; GF630, Accuracy ±0.5% of rate). The load of the hydraulic turbine was controlled using a motor and an inverter, and the rotational speed was set up arbitrarily. The rotational speed and torque were measured with a magnetoelectric-type rotation detector (Ono Sokki Co., Ltd.; MP-981, accuracy ±0.02% of full scale) and a torque detector (Ono Sokki Co., Ltd.; SS-005, accuracy ±0.2% of full scale), respectively. From these values, the turbine output was obtained. Note that the torque obtained was corrected by measuring the torque without a runner. The static pressures at the inlet and outlet of a hydraulic turbine were measured with a straingauge pressure transducer (Kyowa Electronic Instruments Co., Ltd.; PGMC-A-200KP-F, nonlinearity ±1.5% rated output). The effective head, H, was calculated using the difference between the static pressures and the difference between the dynamic pressures obtained from the flow rate.
Here, and are the static pressure of the turbine inlet and outlet. In addition, V and V are the average flow velocity of the turbine inlet and outlet.
Furthermore, the turbine efficiency was obtained with the following formula: For the measurement errors for the original runner at = 2460, the total errors of the turbine output L, effective head H, and turbine efficiency were approximately ±4.7% (±0.12 m), ±2.7% (±3.6 W), and ±5.4% (±0.038), respectively.
To measure the internal flow of the hydraulic turbine using a PIV system, a solid-state laser (PIV Laser G6000, output 6 W, and wavelength 532 nm) with continuous oscillation was used as a light source. The light of the laser-sheet illuminated the central and vertical sections of the runner from a position vertically below the runner. During this operation, the laser-sheet light was reflected 90
∘ by a mirror. The thickness of the laser-sheet was about 1 mm. Nylon 12 with a diameter of around 55 m and a specific gravity of 1.02 was used as tracer particles. A high-speed camera (Vision Research Inc., PHANTOM Miro M110) was used to photograph images in chronological order at a photography speed of 10,000 fps. The resolution is 448 × 360 pixels. Based on these images, with reference to the two two-dimensional components of the internal flow of the hydraulic turbine, PIV analysis was conducted by the direct cross-correlation method using a PIV analysis software from Flow Expert (Katokoken Co., Ltd.; Ver. 1.2.9).
Numerical Analysis Methods and Conditions.
Along with this experiment, the actual turbine was analyzed using numerical analysis. The computational model of the actual turbine is shown in Figure 15 . The analysis code used ANSYS CFX15.0 used in Section 4 and conducted three-dimensional steady flow analyses. The governing equations, the turbulence model, the working fluid, the boundary conditions, and so forth are the same as those of Section 4. The computational grid of each runner was a tetrahedron, and the face size of the blade surface was 0.4 mm. There were ten prism layers of the blade surface, and the size of the first layer was 0.007 mm. The numbers of computational elements for original runner and Case 2 runner were approximately 2,530,000 and 3,150,000 elements, respectively. The computational grids of the guide vane used the same thing as Section 4. The total numbers of computational elements for original runner and Case 2 runner were approximately 5,810,000 and 6,430,000 elements, respectively. rotations of the runner). The flow at the outlet of the original runner in both the PIV measurement results and the calculation results is rapid on the tip side and slow on the hub side, which indicates nonuniformity. In addition, large-scale reverse flow is generated on the hub side. In contrast, Case 2 runner has no reverse flow at the outlet and is thus relatively uniform. Our design method is now validated. As described above, using this design method, an axial flow runner with relatively high efficiency can be easily designed by altering the form of the runner only two or three times after producing a runner in a null state. At that time, we decide the unique form of the runner using quantitative data of the velocity distributions at the runner inlet and outlet (Figures 9(a) and 10(a) ). Therefore, this is a simple method with a smaller calculation load in comparison with the optimized design method that uses a design of experiments and an optimization algorithm. In addition, our method can yield reliable results in comparison with the method wherein designers empirically repeat the changes of shapes by examining the analytical results from threedimensional internal flows.
Results and
Conclusions
We proposed a simple design method for axial flow runners using a combination of the conventional one-dimensional design method and the design method of axial flow velocity uniformization, with the support of three-dimensional flow analysis. We applied our design method to the runners of an ultra-small axial flow hydraulic turbine. The performance and internal flow of the hydraulic runner were investigated using numerical analysis and with an experiment. The conclusions are the following:
(1) For the original runner designed using a conventional one-dimensional design method, turbine efficiency is almost equal to the design values at a design rotational speed, but turbine output and effective head are significantly larger than their design values.
(2) Cases 1-3 runners designed with our design method are significantly improved in turbine efficiency compared to the original runner. Specifically, in the experiment, Case 2 runner achieves a turbine efficiency of 0.768, which surpasses the target value.
(3) The reason that the turbine efficiency of Case 2 runner shows a significant improvement in comparison with that of the original runner is that the axial component of absolute velocity is relatively uniform at the runner outlet, and as a result, the negative rotational flow is improved. Thus, the validity of our design method has been verified. 
Nomenclature
